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Production and hosting byAbstract This study has focused on the processes of soil degradation and chemical element concentra-
tion in tea-growing regions of Rwanda, Africa. Soil degradation accelerated by erosion is caused not only
by topography but also by human activities. This soil degradation involves both the physical loss and
reduction in the amount of topsoil associated with nutrient decline. Soil samples were collected from
eleven tropical zones in Rwanda and from variable depth within each collecting site. Of these, Samples
from three locations in each zone were analyzed in the laboratory, with the result that the pH of all soil
samples is shown to be less than 5 (pH< 5) with a general average of 4.4. The elements such as iron (Fe),
copper (Cu), manganese (Mn), and zinc (Zn) are present in high concentration levels. In contrast calcium
(Ca) and sodium (Na) are present at low-level concentrations and carbon (C) was found in minimalute of Ecology and Geography,
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J.delaP. Mupenzi et al. / Geoscience Frontiers 2(4) (2011) 599e607600concentrations. In addition, elements derived from fertilizers, such as nitrogen (N), phosphorous (P), and
potassium (K) which is also from minerals such as feldspar, are also present in low-level concentrations.
The results indicate that the soil in certain Rwandan tea plantations is acidic and that this level of pH may
help explain, in addition to natural factors, the deficiency of some elements such as Ca, Mg, P and N. The
use of chemical fertilizers, land use system and the location of fields relative to household plots are also
considered to help explain why tea plantation soils are typically degraded.
ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Soil degradation involves both the physical loss (erosion) and the
reduction in quality of topsoil associated with nutrient decline. It
obviously affects soil quality for agriculture and has implications
for the urban environment, pollution and flooding. Currently, 2.2
million tons of topsoil is eroded annually in the United Kingdom
and over 17% of arable land shows signs of erosion (Environment
Agency, 2004). Soil supports agriculture, wildlife and the built-up
environment, filters water, stores carbon, and preserves records of
the ecological and cultural past (Defra, 2004). Eroded soil can be
deposited on roads and other infrastructure leading to significant
clean-up costs. It can silt up reservoirs and harbors, reducing their
lifetime and adding to the maintenance costs of these facilities,
and it puts pressure on aquatic life. The costs of damage to
agricultural soil in England and Wales alone have been estimated
as £264 million a year and the cost of treating water contaminated
with agricultural pollutants is £203 million a year (Environment
Agency, 2002). Erosion and environmental contamination form
degraded soil is occurring frequently in developing countries
where it is a major problem.
Changes in the temperature and moisture of soil may speed
up the decomposition of organic material, thus reducing the
amount of soil carbon soil and increasing emissions to the
atmosphere. However, this may be counteracted to some extent
by higher uptake of carbon dioxide by plants as they grow faster
in warmer conditions and store carbon as biomass both in the
soil and the plant. The overall combined effect of these
processes was projected to be a balance between carbon uptake
and emission from soils, as in a warmer Britain (Smith et al.,
2005).
In many areas of Europe, soil is being degraded as a result of
pressures coming from nearly all economic sectors, especially
those of industrialization. Among the most important influences
on the quality of soil is the cultivation systems used in agriculture.
Loss of organic matter, soil biodiversity and consequently soil
fertility are often driven by unsustainable practices such as deep
tilling of fragile soils and cultivation of erosion-facilitating crops
such as maize, and the continuous use of heavy machinery that
destroys soil structure through compaction. Such degradation
affects large areas of Europe, about 17% of the total land area,
some 27 million Ha, is affected to some degree (Alderman et al.,
1990). Soil degradation problems in central and eastern European
(CEE) countries are generally similar to those in Western Euro-
pean, although there is less soil sealing. Most of the problems are
inherited from the time of the former USSR, when environmental
issues were of minor concern. Erosion is the most widespread
form of soil degradation, linked to agricultural mismanagement
and deforestation (van Lynden, 2000). Soil degradation is also
associated with off-site problems of sedimentation and carbonemissions affecting climate change (Samecka-Cymenman and
Kampers, 2001).
The aim of this study is to increase the knowledge of soil
degradation and heavy materials in the tea-growing regions of
Rwanda. Soil degradation accelerated by erosion is a big
problem in this tropical African country where erosion is influ-
enced caused not only by the topography of the country, but also
by deforestation. When plants (trees, shrubs, undergrowth) are
cleared from a site, soil is exposed to sunlight and the eroding
effects of wind and water. Soil aeration is then increased and the
rate of weathering increases. In order to prevent soil erosion, in
1998, the Rwanda government tried to mobilize its people to
plant trees in order to restore lost forest cover. Selected seedlings
are planted in all provinces of the country by environmentalists
in collaboration with landowners and local communities
(Ministry of Lands, Resettlement and Environment, 2003).
Chisholm (1981), Chisholm and Dumsday (1987), and McTainsh
and Boughton (1993) have defined the forms of soil degradation
as follows: erosion (sheet, rill, gully, stream bank, tunnel; wind;
coastal dune) and landslides; dry land salinity; acidification; and
soil compaction.
2. Methodology
2.1. Study area
Rwanda (Fig. 1) is a small country covering 26,338 km2 and
one densely populated with 346 inhabitants/km2 (ACDI, 2007).
It is located in the tropical Great Lakes region of east central
Africa between latitudes 10S and 30S, and longitudes 29E
and 31E (McCrummen, 2008). The topography is character-
ized by vast hills, mountains and interspersed valleys ranging
from 900 m above sea level in the southwest to 4500 m in the
northwest (USAID, 2004); the relief and altitude decline from
west to east. The country has few natural resources and its
economy is based mostly on agriculture with local farmers
using simple tools. The Democratic Republic of the Congo lies
west of Rwanda, and Burundi lies to the south. Rwanda
northern boundary with Uganda extends due northeastward for
85 km from the DRC/Uganda border in the volcanic Virunga
Mountains. To the east, Rwanda is bordered with Tanzania. The
west-central section crosses the Nile-Congo divide at an
elevation of 4900 m.
Rwanda’s land is typically hilly, although, as noted above there
are extensive mountainous areas and also swamps. The country
can be divided into six topographical regions, from west to east:
the narrow Great Rift Valley; the volcanic Virunga Mountains; the
steep northesouth rise of the Zaire-Nile divide; the ridge of the
Congo-Nile divide; the central plateaus east of the mountains; and
the savannas and swamps of the eastern and southeastern border
Figure 1 Map showing location of tea-growing areas in Rwanda.
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rivers originate from the slopes of the Congo-Nile ridge.
Rwanda’s soils, most of metasedimentary rock origin, are
naturally fragile. They contain many of the heavy metal
compounds found in lateritic soils (Alan, 1994), but are generally
lighter, more fertile, more workable, and less troublesome to
farmers than ‘true’ laterite soils. In some areas, especially in the
northwest, soils are of volcanic origin and therefore are quite
fertile. About 30% of Rwanda’s land is suitable for farming, and
another 30% for grazing. Except where the land is seriously
eroded or leached by heavy farming, the soils in general have
good humus content and fertility; they compare favorably with
soils found in many African regions (Basinski, 1957).
2.2. Experiments and methods
This project concentrated particularly on tea plantations sites in 11
regions (Fig. 1), where we took soil samples by dryer (Soil Testing
Equipment) at three locations per region to obtain information
relating to soil degradation. The sampling sites were broadly
randomly selected based on the presence of almost homogeneous
soils. To have representative soil samples from each sampled
region, three small randomly dug holes were augured using
a Dutch auger. Sampling was carried out at three different depths
with different sample sizes according to international regulation,
that is to say: top or surface soil (0e20 cm); middle soil
(20e40 cm); and sub-soil (40e60 cm). Sampling was duplicated
some sites to allow for statistical analysis to determine repeat-
ability of data. The soil samples were packed in plastic bags,
labeled clearly for analysis, and transported in good condition to
laboratories for physicochemical analysis; one set of sample was
sent to Rwanda National University, But are and the second to the
China University of Geosciences, Beijing. The samples were
analyzed for soil pH, available soil nutrients (organic carbon
(C Z TOC), total nitrogen (N), organic matter, total phosphorus
(P), sodium (Na), potassium (K), calcium (Ca), magnesium (Mg),
iron (Fe), copper(Cu), manganese (Mn), and zinc (Zn)). GIS
software (ZIP, 104M, 2009-03-26, California, USA), and Corel-
Draw 9 were used for map drawing.3. Results and discussions
3.1. Sources of soils
In general, as indicated by the sampling of most of the Rwandan
tea-growing areas, the soils vary in geological origin and therefore
their physical characteristics are also varied. In the high hills the
soils were primarily derived from rocks with predominant quartz,
mica and soapstone-bearing schist.
In the vegetated mountainsides, the source rocks are more elusive
and soils are dark brown to dark reddish-brown in color; in many
places there is a yellowish-red sub-soil that is variably, clay-rich,
friable, and with a moderate to strong sub-angular blocky structure.
In wet and moist valleys, the soils are essentially peat. These
soils are similar to those found in the tropics particularly in area
with undulating to level topography (McCrummen, 2008).
3.2. Types of chemical elements in soil
In this study of the soils of Rwandan tea-growing area (Table 1 and
Fig. 2), various elements obtained from the analysis of soil samples,
e.g. Fe, Cu, Mn, and Zn are present at high concentration levels. C
(total organic carbon) was presented with minimum concentration;
Ca and Na are typically present at a low-level of concentration.
The principal causes of Fe are as follows: large Fe2þ
concentration in soil solution because of strongly reducing
conditions in the soil and/or low concentration. Iron is a constit-
uent of many organic compounds in plants and is essential for
synthesizing chlorophyll, which gives plants their green color.
Low quantity of Iron can be induced by high levels of Mn;
conversely, high Fe levels can also cause Mn deficiency in tea
plants. The analyses also revealed that the concentration of Mn
varied between 59 to 95(mg/kg1) at Mulindi, 76 to 395 at Sor-
wathe; 425 to 726 at Shagasha; 86 to 236 at Mata; 66 to 830 at
Kitabi; 59 to 87 at Nshili-kivu; 76 to 721 at Gisakura; 53 to 133 at
Gisovu; 175 to 360 at Pfunda; 110 to 390 at Rubaya and between
110 to 395 at Nyabihu tea plantations.
The concentration of Cu (mg/kg1) in the soil samples taken
from all tea-growing areas was between 331 to 380 at Mulindi;
289 to 470 at Sorwathe; 295 to 491 at Shagasha; 307 to 476 at
Mata; 310 to 523 at Kitabi; 406 to 433 at Nshili-Kivu; 347 to 439
at Gisakura; 320 to 406 at Gisovu; 310 to 470 at Pfunda; 256 to
520 at Rubaya; and between 321 to 526 at Nyabihu tea
plantations.
The amount of Zn in all tea-growing areas ranges from 51 to 179
(mg/kg1); high concentrations of this element were identified at
Shagasha, Gisakura, Sorwathe, Gisovu, Pfunda and Kitabi with
73e179 (mg/kg1); 63e 147; 59e 133; 54e 120; 76e 118; and 56
e 110, respectively. In other tea-growing areas, the concentration of
Zn was between 43 to 97 at Rubaya; 58 to 96 at Nyabihu; 51 to 92 at
Mata; 61 to 90 at Mulindi; and a low-level concentration of this
element was identified at Nshili Kivu with a concentration between
43 to 92.
Elements that are present at minimum concentration have varying
levels. For example, the concentration of C varies from 0.2 to 18.9.
The last category concerns elements with low concentration
levels, which are Ca and Na; their concentrations in all tea-growing
areas vary from 0.15 to 9.13 for Ca and from 0.02 to 0.26 for Na. N, P
and K, undoubtedly derived from fertilizers, were also found with
concentrations that vary from 1.15 to 1.49 (mg/kg1) in all deeps for
N, 11.2 to 78.6 in all deeps for P, and 0.08 to 2.2 in all deeps for K.
Table 1 Analysis of Chemical composition in soil samples taken from Rwandan tea-growing areas. This table presents the amount (in mg)
of elements from 1 kg of soil (mg/kg1).
Name Sample
location
Period Depth
in cm
N P K Caþþ Na Mgþþ S C Fe Cu Mn Zn pH
Mulindi Nyamuli-
ndi
2009eJan 0e20 1.24 56.2 0.23 1.56 0.09 0.52 20.2 18.2 2198 367 80 61 3.7
20e40 1.46 38.1 0.16 1.7 0.21 0.56 18.9 18.6 2871 360 110 80 3.6
40e60 1.33 10.1 0.19 1.57 0.12 0.45 19.3 18.9 2634 336 81 80 3.7
2009eNov 0e20 1.19 62.3 0.2 1.66 0.19 0.51 20.1 16.9 2541 340 78.2 79 4.1
20e40 1.43 31.1 0.18 1.71 0.06 0.48 17.6 17.1 2314 331 82 81 3.9
40e60 1.3 9.13 0.2 1.58 0.17 0.47 18.4 17.2 2561 338 82 81 3.6
Maya 2009eJan 0e20 1.38 61 0.19 1.63 0.03 0.49 17.6 16.3 2098 365 83 59.8 3.9
20e40 1.49 17.6 0.24 1.68 0.09 0.61 16.9 18.9 2136 365 80 89.7 3.8
40e60 1.36 11.2 0.21 1.54 0.07 0.53 20.2 16.8 1978 341 83 79.8 3.4
2009eNov 0e20 1.17 58 0.19 1.71 0.08 0.56 19.3 15.9 2564 366 83 59 3.8
20e40 1.38 19 0.17 1.58 0.03 0.52 18.1 16.1 2541 366 80 89 3.8
40e60 1.34 16.3 0.22 1.63 0.02 0.43 16.1 16.3 2362 344 80 89 3.7
Rushaki II 2009eJan 0e20 1.19 66 0.08 9.13 0.08 1.41 19.6 3.4 2187 372 112 90 7.2
20e40 1.21 69.2 0.16 8.36 0.03 1.43 18.1 3.6 3128 378 134 90 6.2
40e60 1.15 81 0.26 6.02 0.09 1.29 16.1 2.4 2978 380 143 95 6.6
2009eNov 0e20 1.16 61.3 0.19 7.3 0.08 1.41 17.3 3.1 2756 365 169 91 6.3
20e40 1.18 76.2 0.31 5.41 0.19 1.46 16.8 2.7 3015 369 172 95 6.5
40e60 1.18 78.2 0.27 5.13 0.06 1.38 15.4 2.8 3856 380 223 95 6.7
Sorwathe Mutara 2009eJan 0e20 0.52 78.6 0.17 0.92 0.19 0.28 19.6 6.1 2468 400 76 60 3.8
20e40 0.63 56.1 0.16 1.09 0.09 0.29 18.3 5.8 2524 360 89 73 3.9
40e60 0.41 24.7 0.12 0.9 0.04 0.31 17.1 4.3 2324 470 76 67 4
2009eNov 0e20 0.48 72.3 0.13 0.86 0.2 0.26 19.3 5.9 2136 401 76.3 59 3.9
20e40 0.64 56.3 0.13 0.97 0.07 0.28 20.1 4.6 2215 361 80 73 3.9
40e60 0.36 21.2 0.13 0.81 0.03 0.33 17.6 3.6 2436 361 76.3 67 4
Rwanyana 2009eJan 0e20 2.6 18.9 0.2 0.3 0.08 0.3 19.1 12.3 2362 456 387 67 3.8
20e40 2.1 15.6 0.13 0.5 0.03 0.3 18.6 15.6 2846 360 390 87 3.8
40e60 2.5 13.3 1.92 0.6 0.03 0.8 18.5 16.2 2456 355 270 77 3.9
2009eNov 0e20 2.3 17.3 0.14 0.28 0.06 0.27 14.6 11.3 2333 458 379 66 3.9
20e40 1.97 18.6 0.12 0.56 0.04 0.25 15.3 15.2 3025 359 395 86 3.8
40e60 2.59 19.9 2.01 0.71 0.03 0.7 16.4 16.1 3126 354 270 76 3.8
Mugende 2009eJan 0e20 1.12 5.3 0.12 0.9 0.1 0.26 19.6 15.1 2659 298 110 133 3.8
20e40 0.96 2.1 0.08 2.1 0.06 0.26 19.3 14.7 3021 353 115 113 4.3
40e60 0.69 6.26 0.09 0.8 0.05 0.24 18.9 10.1 2987 353 120 73 4
2009eNov 0e20 0.89 5.3 0.12 0.9 0.09 0.28 18.7 14.9 4021 289 111 133 3.8
20e40 0.93 1.4 0.1 1.9 0.06 0.26 19.5 13.7 4201 353 117 103 4.2
40e60 0.64 6.51 0.07 0.8 0.03 29 16.3 10.3 3605 353 123 73 4.1
Shagasha Shagasha 2009eJan 0e20 0.6 7.1 0.1 11.8 0.03 0.8 19.3 5.1 14,697 490 1100 179 4.6
20e40 0.4 3.1 0.9 5.1 0.03 0.9 18.1 4.6 14,728 380 430 96 4.3
40e60 0.4 3.1 0.9 2.6 0.04 0.95 16.1 4.6 15,321 380 1026 163 5.2
2009eNov 0e20 0.58 6.9 0.09 11.5 0.05 0.9 14.5 5.2 12,753 491 1090 176 4.7
20e40 0.38 2.8 0.8 4.7 0.06 0.9 15.6 4.4 14,325 382 429 86 4.9
40e60 0.38 2.7 0.7 2.4 0.03 1.01 13.5 4.4 14,998 382 10,27 153 5
Gatandara 2009eJan 0e20 0.6 8.9 0.6 1.1 0.05 1.01 15.3 7.9 12,365 365 729 115 4.3
20e40 0.6 5.3 0.3 0.8 0.04 0.36 15.2 7.8 13,456 362 629 140 4.3
40e60 0.58 3.8 0.18 0.7 0.02 0.35 19.3 7.3 14,563 312 549 140 4.5
2009eNov 0e20 0.58 8.9 0.6 1.12 0.04 0.34 14.6 8.1 15,632 368 726 154 4.2
20e40 0.59 4.12 0.4 0.75 0.06 0.32 15.3 7.8 14,258 356 629 139 4.3
40e60 0.6 3.1 0.15 0.78 0.05 0.3 16.4 7.4 15,423 350 548 139 4.6
Gatandara
II
2009eJan 0e20 0.4 9.1 0.6 1.1 0.03 0.2 19.6 7.8 12,354 333 719 139 4.6
20e40 0.58 4.1 0.23 77 0.03 0.23 19.7 7.6 15,387 325 619 74 4.3
40e60 0.38 3.2 0.17 0.77 0.04 0.25 18.9 7.7 14,556 295 476 74 4.3
2009eNov 0e20 0.38 8.7 0.6 1.02 0.04 0.21 19.3 7.3 13,796 338 720 135 4.3
20e40 0.42 4.6 0.24 78 0.03 0.26 187 8.3 15,423 430 619 73 4.5
40e60 0.46 3.1 0.15 0.76 0.06 0.25 19.6 7.2 14,605 431 476 74 4.6
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Table 1 (continued )
Name Sample
location
Period Depth
in cm
N P K Caþþ Na Mgþþ S C Fe Cu Mn Zn pH
Mata I.B 2 2009eJan 0e20 0.6 11.6 0.2 0.65 0.19 0.17 12.1 7.6 7365 476 167 86 3.7
20e40 0.5 10.6 0.2 0.66 0.06 0.13 14.5 6.6 7335 361 236 92 3.6
40e60 0.35 4.3 0.09 0.7 0.17 0.13 16.4 4.3 6523 400 135 72 3.7
2009eNov 0e20 0.5 10.6 0.2 0.7 0.03 0.23 19.6 7.6 7124 454 160 85 3.9
20e40 0.5 9.7 0.2 0.6 0.09 0.15 15.6 7.6 7320 461 180 89 4.1
40e60 31 3.25 0.1 0.6 0.06 0.15 21.3 4.6 5640 400 126 67 3.6
I.B3 2009eJan 0e20 0.43 65.8 0.3 0.5 0.03 0.26 18.9 8.1 4920 337 150 69 4.2
20e40 0.46 10.1 0.32 0.63 0.05 0.32 18.6 6 4926 333 180 90 4.6
40e60 0.31 3.45 0.3 0.52 0.04 0.16 19.2 7 5213 340 120 69 4.1
2009eNov 0e20 0.5 56.2 0.3 0.56 0.18 0.31 13.2 6.3 4918 332 151 69 4.2
20e40 0.44 9.6 0.6 0.56 0.02 0.38 12.1 5.3 4923 362 178 89 4.3
40e60 0.28 3.4 0.4 0.53 0.04 0.22 14.5 5.3 5321 323 120 69 3.9
Busozo 2009eJan 0e20 0.5 64.5 0.2 0.98 0.06 0.3 13.6 7.2 3615 307 86 70 4.2
20e40 0.49 9.6 0.2 0.95 0.05 0.2 14.2 6.1 3740 410 103 60 4.2
40e60 0.26 3.5 3.1 0.62 0.03 0.3 11.6 3.5 3926 365 123 52 4.4
2009eNov 0e20 0.51 65.5 0.2 1.01 0.06 0.33 17.3 7.3 3678 306 86 69 4.3
20e40 0.49 10.1 0.2 0.9 0.04 0.25 18.8 6.2 3742 409 104 59 4.2
40e60 0.25 3.6 3.2 0.63 0.08 0.32 15.4 3.4 3972 352 122 51 4.3
Kitabi Gahira 2009eJan 0e20 52 8.9 0.4 0.6 0.02 0.9 16.3 4.7 6500 310 102 63 4.3
20e40 0.37 5.9 0.16 0.3 0.02 0.8 19.8 3.8 9500 350 85 110 4.7
40e60 0.29 4 0.23 0.4 0.02 0.5 20.1 5.3 4920 360 66 56 4.6
2009–Nov 0e20 53 8.7 0.39 0.5 0.03 0.9 14.3 4.6 6523 312 103 62 4.2
20e40 0.36 5.8 0.17 0.4 0.04 0.6 14.6 3.5 9562 352 88 109 4.6
40e60 0.29 4 0.2 0.35 0.03 0.3 16.2 5.2 4912 359 66 56 4.6
Kitabi 2009eJan 0e20 0.55 64 0.4 2.7 0.02 1 15.4 8 5780 338 80 96 4.3
20e40 0.37 17 0.3 2.3 0.05 0.7 17.9 5 4280 390 110 60 4.7
40e60 0.3 10 0.2 1.2 0.03 0.5 16.3 5 4110 403 96 60 4.6
2009eNov 0e20 53 63 0.41 2.6 0.03 1 12.1 8.2 5772 329 78 96 4.6
20e40 0.36 15 0.36 2.3 0.04 0.6 15.2 5.3 4267 396 96 59 4.1
40e60 0.29 9 0.19 1.1 0.04 0.5 23 5.1 4102 402 73 59 3.9
Bireka 2009eJan 0e20 0.46 6 3.9 1.6 0.3 0.5 22 5.1 5450 520 830 89 3.7
20e40 0.32 3.7 0.15 0.8 0.06 0.6 23.1 3.9 5520 430 109 67 4.2
40e60 0.28 4.8 0.16 0.8 0.05 0.6 16.2 3.6 9000 480 255 89 3.8
2009eNov 0e20 0.44 6.2 4.1 1.6 0.4 0.8 16.8 5.2 5455 523 821 88 4.2
20e40 0.31 3.6 0.16 0.7 0.05 0.5 24.3 3.8 5525 476 109 66 4.6
40e60 0.26 4.2 0.14 0.7 0.04 0.5 18.7 3.6 9000 503 253 88 3.9
Nshili Kigogo 2009eJan 0e20 0.41 12 0.23 0.27 0.09 0.18 0.49 3 4333 420 87 73 4.6
20e40 0.26 12.5 0.16 0.15 0.02 0.11 0.61 2 4333 427 77 87 4.6
40e60 0.42 13.5 0.1 0.15 0.02 0.09 0.53 9.6 4220 407 87 87 4.3
2009eNov 0e20 0.4 11.8 0.22 0.25 0.08 0.19 0.56 2.9 4334 419 86.5 73 4.5
20e40 0.22 12.4 0.14 0.16 0.02 0.12 0.52 1.9 4334 427 76.5 87 4.5
40e60 0.43 13.4 0.09 0.15 0.03 0.08 0.43 9.5 4220 407 86.5 87 4.3
Mubumba-
no
2009eJan 0e20 0.99 41 0.3 1.01 0.3 0.28 1.41 1 4500 433 70 60 4.4
20e40 0.4 19 0.15 0.3 0.15 0.11 1.43 0.4 4500 407 73 60 4.4
40e60 0.29 14.2 0.2 0.4 0.2 0.11 1.29 0.28 4833 407 87 53 4.4
2009eNov 0e20 0.97 40.6 0.29 0.98 0.26 0.27 1.41 0.9 4499 433 69 60 4.4
20e40 0.38 18.6 0.18 0.28 0.16 0.12 1.46 0.36 4500 406 73 60 4.4
40e60 0.27 13.8 0.27 0.37 0.19 0.12 1.38 0.26 4833 406 86 53 4.4
Mumash-
ya
2009eJan 0e20 0.68 36 0.27 1.21 0.06 0.4 0.26 0.65 4220 420 60 67 4.6
20e40 0.58 16 0.32 0.53 0.1 0.16 0.28 0.55 4293 426 60 43 4.7
40e60 0.51 13.4 0.23 0.41 0.1 1 0.33 0.51 4873 426 67 73 4.2
2009eNov 0e20 0.65 36.1 0.26 1.19 0.08 0.13 0.3 0.67 4222 419 59 66 4.5
20e40 0.55 15.8 0.26 0.52 0.1 0.37 0.3 0.55 4295 427 59 43 4.6
40e60 0.5 13.2 0.21 0.36 0.1 0.12 0.8 0.5 4873 427 66 73 4.2
(continued on next page)
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Table 1 (continued)
Name Sample
location
Period Depth
in cm
N P K Caþþ Na Mgþþ S C Fe Cu Mn Zn pH
Gisakura Kibazi 2009eJan 0e20 0.52 22 0.27 1.08 0.09 0.22 0.27 9.5 9654 386 270 96 4.6
20e40 0.65 18 0.23 0.6 0.06 0.19 0.25 6.3 9820 382 240 86 4.2
40e60 0.38 19 0.22 0.4 0.05 0.23 0.7 1.2 6033 354 170 86 4.3
2009eNov 0e20 0.46 18 0.23 0.35 0.08 0.23 0.5 7.3 9660 380 268 97 4.2
20e40 0.66 17 0.23 0.28 0.05 0.2 0.4 1.3 9850 380 236 96 4.3
40e60 0.4 19.3 0.22 0.34 0.07 0.2 0.4 0.9 5998 360 165 86 4.3
Murambi 2009eJan 0e20 1.5 23 1.8 0.5 0.05 0.25 0.6 16 4006 347 76.5 74 3.2
20e40 1.3 21.5 0.12 0.4 0.04 0.2 0.8 15 4033 400 110 74 3.3
40e60 1.3 21 0.14 0.4 0.04 0.25 0.5 16 2628 440 117 64 3.4
2009eNov 0e20 1.4 22.3 1.4 0.4 0.06 0.24 0.3 15.6 4006 346 76 73 3.3
20e40 1.2 21.5 0.12 0.4 0.05 0.24 0.3 14.7 4032 399 109 73 3.3
40e60 1.3 21.1 0.13 0.4 0.04 0.24 0.2 16 2626 439 116 63 3.4
Ndambara-
ra
2009eJan 0e20 0.82 19.8 0.23 0.42 0.09 0.32 0.3 3.5 9987 412 721 113 4.3
20e40 0.53 22.3 0.18 0.51 0.1 0.26 0.49 4.6 9994 356 628 147 4.2
40e60 0.46 24 16 0.43 0.1 0.24 0.61 1.2 7658 423 480 140 4.2
2009eNov 0e20 0.72 21.3 0.22 0.52 0.08 0.26 0.53 3.1 9995 410 715 113 4.2
20e40 0.41 21.6 0.16 0.53 0.07 0.26 0.56 2.1 9998 358 623 146 4.1
40e60 0.44 22.1 0.16 0.38 0.04 0.19 0.52 1.6 7989 413 436 113 4.1
Gisovu Muyira 2009eJan 0e20 0.32 28 0.08 0.6 0.02 0.16 0.43 6.1 1365 328 130 56 4.6
20e40 0.26 19 0.06 0.7 0.04 0.14 1.41 5.3 1380 350 70 56 3.9
40e60 0.23 12 0.09 0.4 0.03 0.14 1.43 4 1390 321 65 61 4.8
2009eNov 0e20 0.19 28 0.1 0.6 0.04 0.18 5 1386 325 130 56 4.3
20e40 0.17 18 0.08 0.5 0.02 0.19 0.3 4 1385 346 75 56 4.2
40e60 0.23 13 0.08 0.4 0.02 0.17 0.8 4 1370 320 65 60 4.6
Karugaju 2009eJan 0e20 0.53 22.2 0.06 0.8 0.09 0.3 0.27 9.1 2312 327 54 54 4.2
20e40 0.5 23 0.05 0.9 0.06 0.2 0.25 8.3 2146 340 67 66 3.4
40e60 0.43 2 0.04 0.3 0.06 0.18 0.4 7 2153 345 70 70 3.3
2009eNov 0e20 0.5 22.2 0.05 0.6 0.08 0.2 0.4 8.1 2200 325 53 54 3.3
20e40 0.4 21.2 0.05 0.6 0.05 0.21 0.6 7.1 2254 339 67 66 3.4
40e60 0.4 21.2 0.04 0.4 0.05 0.2 0.8 7 2200 345 70 69 4.3
Kirambo 2009eJan 0e20 0.25 20 0.4 0.6 0.1 0.2 0.26 5 5340 370 134 75 4.2
20e40 0.2 16 0.1 0.4 0.1 0.2 0.28 3 6150 405 117 120 4.4
40e60 0.2 0.7 0.1 0.4 0.09 0.2 0.33 3 5713 360 127 100 4.6
2009eNov 0e20 0.24 26 0.3 0.5 0.1 0.2 0.3 5.2 5339 375 133 74 3.4
20e40 0.2 15 0.1 0.4 0.1 0.15 0.3 2.7 6140 406 116 117 3.3
40e60 0.19 0.7 0.1 0.4 0.1 0.15 0.8 2.8 5712 360 126 96 3.3
Pfunda Gahembe 2009eJan 0e20 0.4 58 0.3 0.9 0.9 0.45 0.27 5.5 4680 470 295 113 4.1
20e40 0.3 23 0.3 0.7 0.04 0.4 0.25 4 4370 380 180 86 4.1
40e60 0.3 48 0.5 0.7 0.02 0.2 0.7 2.6 4963 380 180 113 4.2
2009eNov 0e20 0.4 57 0.3 1 0.9 0.4 0.5 4.9 4688 470 296 113 4.1
20e40 0.3 23 0.4 0.7 0.04 0.2 0.4 4 4333 380 178 87 4.3
40e60 0.3 47 0.5 0.7 0.02 0.2 0.4 2.6 4900 380 176 113 4.3
Cyabarere 2009eJan 0e20 0.5 53.1 0.4 0.6 0.06 0.6 0.3 3.2 4026 428 175 118 4.2
20e40 0.3 26.1 0.3 0.5 0.04 0.6 0.4 3.6 4123 387 189 104 4.2
40e60 0.2 26.3 0.6 0.6 0.04 0.4 0.4 2 4008 356 176 118 4.2
2009eNov 0e20 0.3 49 0.5 0.6 0.05 0.5 0.6 2.3 4213 420 176 115 4.1
20e40 0.2 26.3 0.4 0.4 0.05 0.4 0.8 3 4256 409 180 85 4.2
40e60 0.2 26.3 0.4 0.5 0.04 0.4 0.5 2 4100 352 175 115 4.2
Kivumu 2009eJan 0e20 0.4 16 0.3 3 0.04 0.9 0.4 1.5 4130 310 360 114 5
20e40 0.2 3 0.3 2 0.06 0.8 0.4 1 4680 350 330 84 4.8
40e60 0.2 12 0.2 2 0.05 0.6 0.6 2.1 4476 360 226 77 4.8
2009eNov 0e20 0.4 15.1 0.5 2.6 0.03 0.9 0.8 1.6 4136 312 356 113 5.1
20e40 0.1 3.2 0.3 2 0.06 0.7 0.5 1.2 4678 352 329 83 4.9
40e60 0.1 8.7 0.4 1.6 0.04 0.6 0.56 1.3 4438 359 225 76 4.8
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Table 1 (continued )
Name Sample
location
Period Depth
in cm
N P K Caþþ Na Mgþþ S C Fe Cu Mn Zn pH
Rubaya Kesho 2009eJan 0e20 0.5 5.8 0.5 1.5 0.05 0.6 0.3 2.3 4026 338 387 79 4.8
20e40 0.41 4 0.4 1.3 0.09 0.6 0.8 4.1 4036 390 390 65 4.5
40e60 0.26 6.4 0.4 0.15 0.06 0.58 0.27 3 4912 403 270 66 4.4
2009eNov 0e20 0.42 17 0.3 1.01 0.03 0.58 0.25 1.6 5780 329 379 72 4.7
20e40 0.4 10 0.32 0.3 0.03 0.59 0.7 6.1 4280 396 395 73 4.5
40e60 0.22 63 0.3 0.4 0.03 0.6 0.27 5.3 4110 402 270 66 4.4
Gisebeya 2009eJan 0e20 0.43 15 0.3 0.98 0.04 0.4 0.25 4 5772 520 110 43 5.5
20e40 0.3 9 0.6 0.28 0.05 0.58 0.7 5.3 4267 430 115 73 4.9
40e60 0.5 16 0.4 0.37 0.06 0.38 0.5 4 4102 256 133 96 4.9
2009eNov 0e20 0.3 15 0.2 1.21 0.06 0.38 0.4 4 4370 421 116 86 4.6
20e40 0.4 11 0.5 0.62 0.04 0.42 0.4 8.1 4963 411 126 86 4.5
40e60 0.41 12 0.3 1.01 0.08 0.46 0.6 2.9 4688 409 295 97 4.4
Muyanje 2009eJan 0e20 0.26 22.2 0.4 0.9 0.08 0.6 0.8 1.9 4333 352 180 96 4.4
20e40 0.42 21.2 0.5 0.63 0.08 0.5 0.5 8.5 4900 312 180 86 4.3
40e60 0.4 21.2 3.2 0.6 0.05 0.35 0.3 1 4026 350 296 74 4.3
2009eNov 0e20 0.22 20 0.4 0.3 0.05 0.5 0.3 0.4 4123 360 178 74 4.4
20e40 0.43 16 0.3 0.4 0.1 0.5 0.3 0.2 4221 322 176 64 4.3
40e60 0.4 8.7 0.32 1.08 0.1 31 0.3 0.9 3998 352 117 73 4.2
Nyabihu Mutaho 2009eJan 0e20 0.3 5.8 0.3 0.6 0.09 0.43 0.4 0.46 4901 359 123 73 4.9
20e40 0.3 4 0.3 0.4 0.1 0.3 0.4 0.26 4863 328 133 60 4.6
40e60 1.3 64 0.6 0.35 0.1 0.6 0.6 0.2 4356 390 133 96 4.9
2009eNov 0e20 0.82 17 0.4 0.28 0.1 0.5 0.8 0.3 4271 402 116 59 4.9
20e40 0.53 10 0.2 0.34 0.9 0.3 0.7 0.6 5201 329 126 59 4.6
40e60 0.46 63 0.2 0.5 0.05 0.6 0.5 0.3 4912 396 295 89 4.9
Mukamira 2009eJan 0e20 0.46 15 3.1 0.4 0.09 0.2 0.4 4.2 5791 401 180 67 5.2
20e40 0.36 9 0.2 0.4 0.06 0.18 0.4 4.1 4280 520 180 89 5.4
40e60 0.41 2 0.2 0.98 0.03 0.2 0.6 3.5 4110 460 296 88 5.2
2009eNov 0e20 0.26 22.2 3.2 0.95 0.03 0.21 0.8 4.6 5772 452 178 66 5.2
20e40 0.42 21.2 0.4 0.62 0.03 0.2 0.49 1.2 4267 358 176 62 5.4
40e60 0.4 21.2 0.05 0.6 0.04 0.2 0.3 3.6 4370 413 379 58 5.2
Rambura 2009eJan 0e20 0.22 20 0.04 0.6 0.05 0.2 0.8 2.1 4963 328 395 67 5
20e40 0.43 16 0.05 0.4 0.06 0.2 0.27 1.6 4677 351 270 59 5.3
40e60 0.3 0.7 0.05 0.5 0.3 0.2 0.25 5.1 4333 321 110 73 4.9
2009eNov 0e20 1.3 26 0.04 3 0.15 0.15 0.7 5.3 4902 325 115 72 5.1
20e40 0.46 15 0.4 2 0.2 0.2 1.41 4 4023 346 120 59 5.2
40e60 0.53 1 0.1 2 0.26 0.2 1.43 2.2 4123 336 111 65 5.2
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The analysis of the chemical characteristics of the samples
collected to examine the soil pH in tea plantation areas shows that
the soils in most of the tea-growing areas can be classified as
acidic. As noted above, a low soil pH level may result in defi-
ciency of some base elements such as Ca, Mg, K, N, etc.
As described in the Methods section, 198 soil samples were
analyzed to obtain soil pH data. The results show that soil pH in
Rwandan tea-growing areas increases marginally with depth
(Fig. 3). The pH range found in most of the soil samples, however,
was between 4.0e6.0. However, some samples with soil pH above
6.0 were also identified, for instance, from Mulindi.
In general, even though some sites were found with a higher
pH (upper 6 to 7.2), the analysis of soil samples collected from
most of the tea-growing areas has shown that soil pH ranges
between 3.82 to 5.06 with general average pHZ 4.4 as indicated
in Fig. 2 and Table 1). This result places most Rwandan tea
plantation samples among acidic soils. This acidity of the soil
probably results from the following factors: 1, the source rock forthe soil (most soil of the different tea plantations is derived from
the wet and warm area, and metasedimentary rock); and 2, Human
activities such as: deforestation near tea growing area that causes
the soil erosion, the use of fertilizers with NO3
 and an increase of
Al3þ and Hþ in the soil, which implies salinity (see below). Other
natural processes can be implicated, but much also occurs as
a consequence of human action like deforestation that cause the
soil erosion in most part of the country.
3.4. Soil salinity
Salinity problems have been grouped into two types. Dry land
salinity is caused by the discharge of saline groundwater where it
intersects the surface topography (Ministry of Lands, Resettlement
and Environment, 2003). This often occurs at the base of hills or in
depressions within the hills or mountains themselves. Large-scale
clearing of forests since European settlement, largely during the 18th
century has increased ‘recharge’ of aquifers (where groundwater
gathers in the ground) due to reduced evapotranspiration back to the
atmosphere. The result has been a rise in groundwater levels, causing
Figure 2 Evolution of elements and their concentrations in Rwandan Tea growing areas.
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irrigation practices have caused a rise in water tables, bringing saline
groundwater within reach of plant roots (Alan, 1994; Schoorel and
van der Vossen, 2000). This is common on lower slopes and plains
and is particularly common on riverine plains. The wetland salinity
problem is exacerbated by rises in groundwater flow due to dry land
salinization processes higher in the catchment (Ministry of Lands,
Resettlement and Environment, 2003).
3.5. Land practices
Various aspects of the traditional Rwandan agricultural system, e.g.,
variations in relative soil fertility, the use of organic fertilizers, and
the location of fields relative to households, can be introduced to
help explain why soil is highly degraded in tea-growing areas.Figure 3 Brief state of soil pH in different tea-growing areas of
Rwanda.Nevertheless, notwithstanding such factors as the specific use to
which land is put, e.g., cultivation, fallow, pasture, woodlots, and, if
it is cultivated, the particular combination of crops that are grown,
prime factor in Rwandan soil degradation is the existence of low
natural fertility and the virtual absence of minerals in these soils.
This absence can be a serious limitation to soil use and the sensi-
tivity of soils to a shortage of rainfall particularly in elevated areas;
it can be expected that plants in such positions would demonstrate
water stress groundsels when the precipitation is poor.
The valley soil type has good physical characteristics, great
depth with excellent porosity, good permeability and high infiltra-
tion rates, and is easy to work. Land use and cropping patterns
employed by local farmers are appropriately suited, in terms of
erosion control, to the topographical and environmental character-
istics of their landholdings. However, several sampling points
located in the valley tea-growing areas are characterized by high
water tables; for example at Mulindi/Nyamulindi, Sorwathe/Rwa-
nyana, Gisakura/Murambi, Shagasha/Gatandara, Pfunda/Gahembe,
and Mata/Akavuguto. In some of these areas water saturated ground
was up to the sampling depth of 40 cm and sometimes as shallow as
20 cm in the case of Mulindi/Nyamulindi.
By contrast, in the mountainous tea-growing regions, for
example at Kitabi, Pfunda, Nyabihu, and Rubaya, this study has
identified that the dry and stony soils make it difficult for the tea
bushes to access water and other nutrients.
4. Conclusions and recommendations
Soil degradation accelerated by erosion is caused not only by
topography but also by human activities. Rwandan soil
J.delaP. Mupenzi et al. / Geoscience Frontiers 2(4) (2011) 599e607 607degradation involves both the physical loss and reduction in the
amount of topsoil associated with nutrient decline and contami-
nation. The results of soil sample analysis show that the pH of all
samples collected from 11 zones in the Rwandan tea-growing
areas is less than 5 (pH< 5) and clearly documents that the soil in
these areas is acidic. The use of organic fertilizers and the location
of fields relative to household plots are also considered to help
explain why soil is highly degraded in tea plantations. However,
soil degradation may also have resulted from the bedrock defi-
ciency of some base elements such as calcium, magnesium,
potassium and nitrogen. In addition, the fertilizers used in all tea
plantations may also play a role.
Our observations suggest that a high mobilization of all
participants in the environmental field in Rwanda is necessary to
ameliorate the problem of soil degradation. As one example, farm
communities need to fight against erosion and find alternative
fertilizers in order to generate a viable system capable of pro-
tecting the soil.
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